The residence time distribution (RTD) 
Introduction
The drying behaviour in a classical spray dryer is determined by the nozzle zone, where the first contact between the hot gas and the product occurs, as well as by the main drying within the drying chamber. In order to describe the drying process, knowledge of the residence time distribution is needed. In addition to the mechanism of air distribution, this is dependent on the nozzle flow and the geometry of the spray dryer. One hypothesis for describing the flow pattern in the drying chamber is based on relatively large vortices leading to different trajectories and residence times depending on the particle inertia or particle size, respectively [1] .The residence time of the particles should be sufficient to ensure the desired moisture reduction of the feed but not too long in order to avoid thermal damage like degradation or loss of volatiles. Large deviations in the residence time of different particles, as indicated by a broad residence time distribution (RTD), lead to an inhomogeneous product.
In general, the RTD is determined by tracer injection at the dryer inlet and measuring the response at the outlet by taking samples in predefined time steps and analysing them with respect to their tracer concentration. This tracer can for example be an optically visible [2, 3] or conductive [4, 5] substance. Especially for fast processes like spray drying this discontinuity of the measurement leads to a too low resolution.
The most common approach for modelling the RTD is using a number of continuous stirred tank reactors (CSTR) in series [6] ,where the distribution of residence times E(t) [-] over time t [s] is described by the mean residence time τ [s] and the number of CSTR in series N [-] .
Various CSTR in series with different tank numbers and residence times can also be set in serial or parallel connection which might account for different flow regimes within the system [4, 5] .
Another approach for modelling the RTD is the dispersion model, which is based on the 
w [m/s] is the average particle velocity and Max [m 2 /s] the axial mixing coefficient describing the derivation from radial flow pattern due to axial dispersion. In dependene of the boundary conditions Max can be calculated directly from the dimensionless variance of the measured RTD. A better way is to fit Max directly to the measured data [7] instead of using these simplifications, although it requires solving the differential equation multiple times. From Max the dimensionless Bodenstein number, which indicates the ratio of convective to dispersive transport, can be calculated.
Here, L [m] is the characteristic length. A low Bodenstein number indicates a broad distribution, a high number a narrow distribution.
Residence time distributions can also be modelled by linking CFD with particle tracing and observing the particle number over time at the outlet [8] . Thus, measurements of the RTD can be used to prove theoretical models.
In the present study, the particle RTD was determined using a particle counter. A pulse of maltodextrin was injected into a continuous water stream. When water is sprayed, the droplets evaporate and no particles are recognised by the detector at the dryer outlet. When maltodextrin particles pass the detector, it recognises the particle concentration as well as their size. This set-up allows a continuous measurement of the particle residence time.
Materials and Methods

Experimental set up
For the spray drying trials a pilot plat spray dryer (GEA Niro, Søborg, Denmark) with the dimensions 3.1 m x 1.2 m was used. As an injection signal, a 30 s pulse of 20 % (w/w) maltodextrin DE 21 (Agrana, Vienna, Austria) solution was injected into a continuous water stream by changing the position of a three-way valve.
Fig. 1: Experimental set up, parallel and centrifugal air distributor (left to right)
A hollow metal tube with 2 mm inner diameter, connected to a scattered light detector (Aerolossensor welas 2300, Palas, Karlsruhe, Germany), was inserted in the tower at the outlet of the drying chamber (see Fig. 1 ). The scattered light detector allows measuring the particle concentration and size within the air stream. From the particle concentration over time the RTD can be calculated.
In order to investigate the effect of the air distributor and nozzle pressure on the RTD the following settings were chosen: Trials with a nozzle pressure of 1 bar were performed 9 times, with 2 and 3 bar 5 times each.
Modelling of the residence time distribution
The output signal Eout (t), measured by the scattered light detector, results from the convolution of the injection signal Ein (t) with the RTD of the spray dryer.
Here, * indicates the convolution product. Consequently, the RTD can be calculated from deconvolution of the measured output signal with the input signal. Convolution and deconvolution were performed by applying the convolution theorem, whereat numerical Fourier transformation and inverse transformation of discrete data was performed by using the commands implemented in MATLAB ® . The obtained RTD were fitted to the CSTR in series model (equation 1) and the dispersion model (equation 2) using the method of least squares. The mean residence time τ was determined from the measured RTD. The mean flow velocity w for the dispersion model was calculated from τ and the tower length. Equation 2 was solved numerically using the pdepe solver in MATLAB ® .
The particle size distribution q0 [1/m] for each time step was obtained by the Palas measuring device. The characteristic diameters d10,0 and d90,0 were calculated from the total q0 distribution. For three classes (d < d10,0, d10,0 < d < d90,0, d > d90,0) the residence time distribution was calculated from the number of particles within a class at each time step.
Results and Discussion
Residence time distribution
With increasing nozzle pressure the measured particle RTD becomes more narrow, as shown in the exemplary curves in Fig. 2 . . The latter effect can be seen for both air distributors, whereas no significant difference between the centrifugal (•) and the parallel air distributor (♦) can be observed. It was expected that the centrifugal air distributor would lead to an increase in mean residence time.
Fig. 3: Mean residence time τ (left) and number of ideal stirred tank reactors in series N (right) for centrifugal (•) and parallel (♦) air distributor at different nozzle pressures
The mean particle residence time is larger than the mean air residence time, which was calculated as 29 s at the given process conditions. The flow within a spray chamber can be described by different flow regimes with a fast main central gas jet and a slower flow close to the wall [9] . Due to an increasing nozzle pressure there is a higher acceleration of the feed by the pressurized gas and a decrease in spray cone angle. Therefore the amount of particles staying in the faster core jet is increased, which leads to the effects seen in Fig. 2 and Fig. 3 . Modelling the flow pattern by using an only one-parametric model is possible, which indicates only little formation of different flow regimes at the tested process conditions.
Fig. 4: Bodenstein number for centrifugal and parallel air distributor at different nozzle pressures
The Bodenstein number Bo shows no clear dependency of the nozzle pressure and the air distributor and is approximately constant. The value of the Bodenstein number of 2 -4 is in accordance with literature data [10] .
If the measuring system and injection signal are both constant, variations in the RTD are due to variations in the process, e.g. spontaneous formation of vortices. The RTDs, fitted to the CSTR in series model, are shown in Fig. 5 for all 9 trials at 1 bar nozzle pressure. 
Particle size dependent residence time distribution
In Fig. 6 the RTDs from The mean particle size decreases with increasing nozzle pressure due to the reduction of initial droplet size. No significant difference between the RTDs of the different size fractions can be observed. Thus, the effects of an increasing nozzle pressure on RTD (see Fig. 3 ) are not caused by the decreased particle size.
It was expected that different particle sizes will lead to different trajectories and therefore to different residence times [1] . As indicated by the small difference in between d10,0 and d90,0, the particle size distribution is narrow which might lead to no size fraction effects in the RTD being visible.
Conclusions
The residence time distribution in a pilot plant spray dryer was characterised for different kinds of air distributors (centrifugal and parallel flow) as well as for different atomizing air pressures (1, 2 and 3 bar relative pressure). The measurement is based on a quasi-continuous acquisition of the particle concentration and size at the dryer outlet using a scattered light detector. The measured RTDs can be described by models with only one parameter, like the CSTR in series model, which indicates only little formation of different flow regimes at the tested process conditions. An increasing nozzle pressure leads to a decrease in mean residence time and a more narrow distribution but the mean particle residence time is larger than the mean air residence time. The influence of nozzle pressure is more pronounced than of air distributor and particle size fraction.
In further studies the effect of a broader particle size distribution will be investigated.
